The RAB GTPase is an evolutionarily conserved machinery component of membrane trafficking, which is the fundamental system for cell viability and higher order biological functions. The composition of RAB GTPases in each organism is closely related to the complexity and organization of the membrane trafficking pathway, which has been developed uniquely to realize the organism-specific membrane trafficking system. Comparative genomics has suggested that terrestrialization and/or multicellularization were associated with the expansion of membrane trafficking pathways in green plants, which has yet to be validated in basal land plant lineages. To obtain insight into the diversification of membrane trafficking systems in green plants, we analyzed RAB GTPases encoded in the genome of the liverwort Marchantia polymorpha in a comprehensive manner. We isolated all genes for RAB GTPases in Marchantia and analyzed their expression patterns and subcellular localizations in thallus cells. While a majority of MpRAB GTPases exhibited a ubiquitous expression pattern, specific exceptions were also observed; MpRAB2b, which contains a sequence similar to an intraflagellar transport protein at the C-terminal region; and MpRAB23, which has been secondarily lost in angiosperms, were specifically expressed in the male reproductive organ. MpRAB21, which is another RAB GTPase whose homolog is absent in Arabidopsis, exhibited endosomal localization with RAB5 members in Marchantia. These results suggest that Marchantia possesses unique membrane trafficking pathways involving a unique repertoire of RAB GTPases.
Introduction
Membrane trafficking is the fundamental system in eukaryotic cells for transporting proteins and lipids among single membrane-bounded organelles and across the plasma membrane, and it plays a pivotal role in various fundamental and higher order physiological phenomena, including development, stress response and immunity. A single membrane trafficking event between donor and target organelles consists of several sequential processes, including (i) forming vesicles from the donor membrane; (ii) transporting vesicles; (iii) tethering vesicles to the target membrane; and (iv) fusing the transport vesicles to the target membrane. These processes involve several highly conserved machinery components in eukaryotes, which include RAB GTPase. RAB GTPase acts as a molecular switch by cycling between GTP-bound active and GDP-bound inactive forms, which is mediated by a guanine nucleotide exchange factor and a GTPase-activating protein. Activated RAB GTPase interacts with a specific set of effector proteins, which trigger downstream reactions, including tethering of transport vesicles to the target membrane mediated by tethering factors (Grosshans et al. 2006 , Saito and Ueda 2009 , Hutagalung and Novick 2011 . While RAB GTPase is a highly conserved machinery component essential for membrane trafficking, it has also been reported that each organism harbors a specific repertoire of RAB GTPases, suggesting that diversification and specialization of the set of RAB GTPases is tightly associated with diversification of the membrane trafficking system during evolution. For example, the RAB11 (also known as RABA in Arabidopsis) group dramatically expanded during land plant evolution; 26 members of RAB11 are encoded in the Arabidopsis genome, whereas only two or three RAB11 members exist in budding yeast and mammalian species (Rutherford and Moore 2002) . RAB11/RABA members in plants have been shown to be involved in biological functions specific to plants, such as salinity stress tolerance, elongation of root hairs and pollen tubes, cell plate formation and polar cell expansion (Preuss et al. 2004 , de Graaf et al. 2005 , Chow et al. 2008 , Asaoka et al. 2013 , Kirchhelle et al. 2016 ). The RAB5 (also known as RABF in Arabidopsis) group represents another example of plant-unique diversification of RAB GTPases; in addition to canonical RAB5, the green plant lineage harbors a plantunique RAB5 group, the ARA6 group. For example, Arabidopsis harbors two canonical RAB5 members, RHA1/RABF2a and ARA7/RABF2b, and the plant-specific ARA6/RABF1 (Ueda et al. 2001) . Canonical RAB5 mediates endosomal transport in endocytic and vacuolar transport pathways in plant cells, whereas ARA6 acts in the trafficking pathway from endosomes to the plasma membrane (Sohn et al. 2003 , Kotzer et al. 2004 , Ebine et al. 2011 ). We recently found that a function of canonical RAB5 is fulfilled through interaction with a plant-specific effector molecule (Sakurai et al. 2016) , highlighting plant-specific methods of regulating endosomal transport. Thus, diversification of RAB GTPases in plants should be closely related to diversification of membrane trafficking systems during plant evolution.
Comparative genomics proposed that expansion of RAB GTPases in the plant lineage could be associated with terrestrialization and multicellularization, mainly based on increased numbers of RAB GTPases in land plants, including Arabidopsis and the moss Physcomitrella patens, compared with that of green algal species (Rutherford and Moore 2002, Dacks and Field 2007) . However, P. patens has been shown to undergo whole-genome duplication during evolution (Rensing et al. 2007 , Rensing et al. 2008 , which could result in an increased number of RAB GTPases without functional differentiation or neofunctionalization. To understand precisely the relevance between diversification of the membrane trafficking component and plant evolution, information about other basal plant lineages would be useful.
The liverwort, Marchantia polymorpha (hereafter Marchantia), is an emerging model plant whose genome has been sequenced recently (Bowman et al. 2017 ) and for which various molecular genetic and cell biological techniques are applicable , Era et al. 2009 , Kubota et al. 2013 , Sugano et al. 2014 , Tsuboyama and Kodama 2014 , Ishizaki et al. 2015 , TsuboyamaTanaka and Kodama 2015 , Kanazawa et al. 2016 , Kodama 2016 , Nishihama et al. 2016 , Minamino et al. 2017 . For information on the organization of RAB GTPases in this plant, we sought genes for RAB GTPases in the genome of Marchantia. We then examined expression patterns and subcellular localizations of all members of RAB GTPases in this plant. Our results revealed that Marchantia harbors a fundamental set of RAB GTPases shared with other green plant lineages with low redundancy. Furthermore, we found that Marchantia harbors RAB GTPases that have been secondarily lost in Arabidopsis. Marchantia also harbors a RABlike protein containing an intraflagellar transport protein-like domain in the polypeptide. The unique repertoire of RAB GTPases suggests that the unique membrane trafficking system of Marchantia developed during its evolution to fulfill conserved and specific biological roles in the plant.
Results
The Marchantia genome encodes 17 predicted RAB GTPases
To gain insight into the diversification of membrane trafficking pathways during land plant evolution, we searched the genome database of Marchantia for genes predicted to encode RAB GTPases. We identified 17 genes for putative RAB GTPases, which were classified into 10 subgroups as follows: RAB1/ RABD, RAB2/RABB, RAB5/RABF, RAB6/RABH, RAB7/RABG RAB8/RABE, RAB11/RABA, RAB18/RABC, RAB21 and RAB23 ( Fig. 1A; Supplementary Fig. S1 ; Bowman et al. 2017) . The names and gene IDs in MarpolBase (marchantia.info/) of these members are listed in Supplementary Table S1 . We detected highly similar sequences for RAB11a/RABA1 with two non-synonymous and several synonymous substitutions. Marchantia is dioecious, and male and female plants harbor the X and Y chromosome, respectively (Bischler 1986 ). Each of the RAB11a genes was mapped on the X or Y chromosome (Bowman et al. 2017) ; thus, we concluded that these two RAB11a genes are allelic and that male and female Marchantia plants harbor different alleles of RAB11a with slight variation (Supplementary Fig. S2 ).
Eight subgroups of RAB GTPases, RAB1/RABD, RAB2/RABB, RAB5/RABF, RAB6/RABH, RAB7/RABG, RAB8/RABE, RAB11/ RABA and RAB18/RABC, are well conserved in green plant lineages (Bowman et al. 2017) , and Marchantia possessed all of these subgroups with low redundancy (Fig. 1A) . In addition to the eudicot set of RAB GTPases, Marchantia possesses genes for RAB21 and RAB23, which have not been identified in genomes of eudicots, including Arabidopsis. The RAB21 and RAB23 genes are found in a wide range of eukaryotic lineages, including metazoa, suggesting an ancestral origin for these RAB subgroups, whereas these RAB GTPases were independently secondarily lost several times during green plant evolution ( Fig. 1A ; Klopper et al. 2012) . A uniquely acquired RAB-like gene was also identified in Marchantia. The protein that we named MpRAB2b is larger than other RAB GTPases and contains a domain at the C-terminal region with high similarity to the INTRAFLAGELLAR TRANSPORT 43 (IFT43) protein (Fig. 1B) . The conserved motifs responsible for nucleotide binding and the GTPase activity conserved in the Ras superfamily are largely conserved in MpRAB2b, and a lipid modification site was also predicted at the C-terminus (Fig. 1B) . IFT43 is a subunit of the IFT-A complex, which regulates retrograde transport in intraflagellar transport (Taschner et al. 2012) . This type of RAB-like protein has not been reported in any other organisms, suggesting that this is a specific innovation of liverworts.
Expression patterns of Marchantia RAB GTPases
We examined the expression profiles of Marchantia RAB GTPases in several organs (5-day-old thalli, antheridiophores, archegoniophores and 7-day-old sporelings) using reverse transcription-PCR (RT-PCR), with constitutive MpEF1 as a positive control (Kanazawa et al. 2013 , Althoff et al. 2014 . All Marchantia RAB genes were ubiquitously transcribed in these organs under our experimental conditions, with the exception of MpRAB2b and MpRAB23 (Fig. 2) . MpRAB2b and MpRAB23 transcripts were strongly accumulated only in the antheridiophores and were scarcely detected in the other organs (Fig. 2) as previously described (Higo et al. 2016) , suggesting specialized functions of MpRAB2b and MpRAB23 in the antheridiophores.
Subcellular localization of RAB GTPases in Marchantia
Subcellular localization is essential information for elucidating the functions of RAB GTPases. To determine the subcellular localization of Marchantia RAB GTPases, we expressed Citrine (a variant of yellow fluorescent protein)-fused RAB GTPases under the regulation of the Cauliflower mosaic virus (CaMV) 35S promoter in thallus cells of Marchantia. As organelle markers, we utilized the transmembrane domain of rat sialyltransferase-fused monomeric red fluorescent protein (ST-mRFP) and mRFP-MpSYP6A, which are the Golgi apparatus and trans-Golgi network (TGN) markers, respectively (Kanazawa et al. 2016) . For endosomal localization, we employed a lipophilic fluorescent dye, FM1-43, which stains endosomal compartments during endocytosis toward vacuoles. Based on co-localization with these markers and the tracer, we classified the subcellular localizations of Marchantia RAB GTPases into four groups. 
Secretory RAB GTPases.
Three RAB GTPases, MpRAB2a, MpRAB8a and MpRAB8b, exhibited punctate localization in thallus cells of Marchantia and co-localized with the Golgi apparatus marker ST-mRFP (Fig. 3A , C, E; Supplementary Fig. S3 ). The punctate structures were frequently closely associated but not co-localized with the TGN marker mRFP-MpSYP6A (Fig. 3B , D, F; Supplementary  Fig. S3 ). Citrine-MpRAB8c driven by the CaMV 35S promoter was dispersed into the cytosol, with punctate localization partly co-localized with ST-mRFP but not with mRFP-MpSYP6A (Fig. 3G, H) .
The subcellular localization of MpRAB1a, MpRAB1b and MpRAB6 was slightly different from that of Golgi-localized RAB GTPases. These proteins were localized to disc-shaped compartments and smaller punctate structures that were frequently associated with the disc-shaped compartments. Co-localization with ST-mRFP was observed at the disc-shaped compartments, and the punctate structures exhibited co-localization with mRFP-MpSYP6A ( Fig. 4A-F ; Supplementary Fig.  S3 ). This result indicates that MpRAB1a, MpRAB1b and MpRAB6 localize at the Golgi apparatus and the TGN in thallus cells.
The MpRAB11/RABA group localizes to the TGN and TGNassociated compartments.
There are three RAB11 genes in Marchantia that are classified with the RABA1, RABA4 and RABA5 subclasses of Arabidopsis ( Fig. 1A ; Supplementary Fig. S1 ; Bowman et al. 2017) . Citrine fusion of these RAB11 members, MpRAB11a1 (the male allele), MpRAB11b and MpRAB11c, driven by the CaMV 35S promoter localized to punctate compartments with variations in their sizes in thallus cells. All three RAB11 members were partly co-localized or closely associated with the TGN marker mRFP-MpSYP6A (Fig. 5B , E, H; Supplementary  Fig. S3 ). Intriguingly, however, these RAB11 members exhibited distinct localizations in relation to the Golgi apparatus marker ST-mRFP; Citrine-MpRAB11c was co-localized or associated with ST-mRFP ( Fig. 5G ; Supplementary Fig. S3 ), but CitrineMpRAB11a1 and Citrine-MpRAB11b were not ( Fig. 5A, D ; Supplementary Fig. S3 ). A subpopulation of CitrineMpRAB11a1-, 11b-and 11c-positive compartments were accessible by FM1-43 (Fig. 5C, F, I ), suggesting the endosomal identity of these compartments.
Some RAB11/RABA members in Arabidopsis have been localized to the forming cell plate and are involved in cell plate formation (Chow et al. 2008 , Asaoka et al. 2013 , Qi and Zheng 2013 ). When we observed the meristematic zones of thalli, accumulation at forming cell plates was also observed for all of three RAB11 members in Marchantia (Fig. 5J) . This localization suggests that MpRAB11 members could also be involved in cell plate formation.
Punctate and cell plate localizations were also observed for mCitrine-fused MpRAB11 members driven by their own regulatory elements (promoters, introns and terminators; Supplementary Fig. S4 ), suggesting that the expression by the CaMV 35S promoter did not affect the subcellular localization of MpRAB11 members. Endocytic/vacuolar RAB GTPases.
The other three RAB GTPases, MpRAB7, MpRAB18 and MpRAB21, were also localized to endocytic organelles. Citrine-fused MpRAB7 driven by the CaMV 35S promoter was localized on the vacuolar membrane and punctate compartments in thallus cells (Fig. 6A) . A portion of the punctate compartments were stained with FM1-43, whereas the other MpRAB7-positive compartments remained unstained. The unstained structures probably represent the Golgi apparatus because ST-mRFP but not mRFP-MpSYP6A was co-localized with Citrine-MpRAB7 ( Fig. 6B, C; Supplementary Fig. S3 ). These results suggest that MpRAB7 was localized at the Golgi apparatus, endosomal compartments [probably the late endosome/multivesicular endosome (MVE)] and the vacuolar membrane.
Citrine-fused MpRAB18 was localized to punctate compartments, which were stained with FM1-43 (Fig. 6D) . MpRAB18 did not show co-localization with ST-mRFP or mRFPMpSYP6A ( Fig. 6E, F ; Supplementary Fig. S3 ), suggesting that MpRAB18 localizes on endosomal compartments in Marchantia thallus cells.
Citrine-fused MpRAB21 expressed under the control of the CaMV 35S promoter was localized at punctate structures accessible by FM1-43 (Fig. 6G) , which did not bear ST-mRFP or mRFP-MpSYP6A ( Fig. 6H, I ; Supplementary Fig. S3 ), although MpRAB21-positive domains were sometimes observed closely associated with the MpSYP6A-positive TGN.
The existence of two types of RAB5 is a distinctive feature of RAB GTPases in green plants. In addition, in Marchantia, the canonical MpRAB5 and plant-unique MpARA6 were identified, whose Citrine-tagged versions were localized to endosomal punctate compartments stained by FM1-43 (Fig. 7A, D) . These proteins were not co-localized with ST-mRFP or mRFP-MpSYP6A (Fig. 7B , C, E, F; Supplementary Fig. S3 ), whereas some MpRAB5-positive domains were observed in the close vicinity of the MpSYP6A-positive TGN. When MpRAB5 driven by the CaMV 35S promoter and MpARA6 driven by the MpEF1 promoter were co-expressed in thalli tagged with different fluorescent proteins, only partial co-localization was observed (Fig. 7G) , as shown for RAB5/RABF2 and ARA6/RABF1 in Arabidopsis (Ueda et al. 2004 , Ebine et al. 2011 . Immunoelectron microscopy using anti-MpRAB5 and anti-MpARA6 antibodies ( Supplementary Fig. S5 ) demonstrated localization of these proteins to MVEs in thallus cells (Fig. 7H, I ), further confirming similar localization patterns of canonical and plant-unique RAB5 members between Marchantia and Arabidopsis.
To examine whether expression by the CaMV 35S promoter affected subcellular localization of MpRAB5, we compared localization patterns between Citrine-MpRAB5 driven by the CaMV 35S promoter and mRFP-MpRAB5 expressed under the regulation of its own regulatory elements. We observed nearly perfect co-localization between these proteins ( Supplementary Fig. S6 ), which suggested that subcellular localizations examined using the CaMV 35S promoter should represent subcellular localizations of endogenous proteins for MpRAB members expressed in thallus tissues. Antheridiophore-specific RAB GTPases ectopically expressed in thalli.
We also generated transgenic lines expressing Citrine-tagged MpRAB2b and MpRAB23 under the regulation of the CaMV 35S promoter, although expression of the genes for these proteins was only detected in antheridiophores by RT-PCR (Fig. 2) . Citrine-MpRAB2b was observed dispersed in the cytosol in thallus cells (Fig. 8A) , and Citrine-MpRAB23 accumulated in the nuclei of the thallus cells (Fig. 8B) . We found that MpRAB23 contained a nuclear localization signal (NLS)-like domain rich in arginine and lysine residues near the C-terminus ( Supplementary Fig. S7 ), because of which MpRAB23 could be localized in the nuclei of the thalli.
Discussion
In this study, we identified 17 genes for RAB GTPases in the genome of Marchantia. We demonstrated that Marchantia harbors fundamental sets of RAB GTPases, which are conserved in other plant lineages with low redundancy. Previous studies proposed that expansion of genes for membrane trafficking components could be associated with adaptation to land and/or multicellularization of an ancestor of land plants (Rutherford and Moore 2002, Sanderfoot 2007) . Our results partly support this idea; the number of RAB GTPases in Marchantia is greater than that of unicellular algal species, and 10 and nine genes for RAB GTPases are encoded in the genomes of Chlamydomonas reinhardtii and Ostreococcus tauri, respectively. However, the number of RAB GTPases in Arabidopsis is much greater than that in Marchantia, which suggests that the expansion of RAB GTPases is not simply associated with terrestrialization and/or multicellularization. A similar result was also obtained in the systematic analysis of soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins in Marchantia (Kanazawa et al. 2016 ). It will be interesting to investigate what physiology and functions of land plants were associated with the diversification, specialization or neofunctionalization of RAB GTPases during their evolution.
Conserved and unique features of RAB GTPases in Marchantia
We examined the subcellular localizations of all RAB GTPases by fusion with florescent proteins and expression under the regulation of the constitutive CaMV 35S promoter in the thallus cells of Marchantia (Fig. 9) . Many of the RAB GTPases whose expression was detected in the thalli exhibited similar subcellular localizations to orthologous products reported in other land plant species, with a few exceptions, which suggested that this expression condition did not markedly affect the localization of the examined proteins. For example, MpRAB2a and MpRAB8 localized to the Golgi apparatus in the Marchantia thalli, whose orthologous products in Arabidopsis and tobacco were also reported to reside on the Golgi apparatus and to function in the secretory pathway (Cheung 2002 , Zheng et al. 2005 , Speth et al. 2009 In mammalian cells, Rab1 is attached to the cis-Golgi membrane and endoplasmic reticulum-Golgi intermediates, and functions in the early secretory pathway (Saraste et al. 1995) . However, RAB1/RABD members in Arabidopsis localize at the Golgi and the TGN (Pinheiro et al. 2009 ). In this study, we confirmed that Marchantia RAB1 also localizes to the Golgi and the TGN. The distinct localization patterns between land plants and mammals suggest divergent functions of RAB1 homologs among eukaryotic lineages. The precise functions of RAB1/RABD members in plants at the TGN should be elucidated in future studies, and Marchantia would be a suitable material given that it harbors only two RAB1 members (Fig. 1A) . In angiosperms, functional differentiation could have occurred in the RAB1/RABD clade; Arabidopsis RABD members are divided into two subgroups, which could function in distinct biochemical pathways in early secretory trafficking (Pinheiro et al. 2009) . A comparative analysis between Marchantia and Arabidopsis would also be useful to identify the significance of the functional differentiation in this clade.
MpRAB6 was localized to the Golgi apparatus and the TGN in thallus cells. In Arabidopsis, a member of the RAB6/RABH group, RABH1b, is localized to the Golgi apparatus and unknown compartments, possibly endosomal compartments, whereas another member, RABH1c, is exclusively localized to the Golgi apparatus (Johansen et al. 2009 ). The distinct localizations of these RABH members might reflect differentiated functions of these proteins in Arabidopsis. Marchantia harbors only one member in the RAB6/RABH group, which, therefore, would be a good reference in analyses of the plant RAB6/RABH group.
The existence of two types of RAB5, the canonical RAB5 and plant-specific ARA6 group, is an outstanding characteristic in the organization of plant RAB GTPases, which also holds true in Marchantia. In this study, we revealed that MpRAB5 and MpARA6 localize to distinct populations of endosomes with partial overlap, similar to the subcellular localization of Arabidopsis canonical RAB5/RABF2 and ARA6/RABF1 (Ueda et al. 2004 , Ebine et al. 2011 . The similar localization patterns of these RAB5-related members seem to reflect conserved functions of these members in both plants. However, it should be noted that Marchantia harbors MpRAB21, which also localizes to the endosome. The secondary loss of RAB21 might have resulted in distinctive functional differentiation of RAB5/RABF2 and ARA6/RABF1 in descendant lineages. Rab21 is also conserved in animals (Klopper et al. 2012 ). However, animals do not harbor the ARA6 group, which suggests distinct co-ordination of endosomal RAB functions between animals and plants. It would be an intriguing project to analyze the function of MpRAB21 in Marchantia, which would elucidate how these RAB GTPases co-ordinate endosomal transport in Marchantia and how such mechanisms developed during land plant evolution.
In this study, we demonstrated by immunoelectron microscopy that MpRAB5 and MpARA6 localize to the MVE in thallus cells. These proteins would also be useful as MVE markers in Marchantia, since we did not find a suitable molecule to use as an endosomal marker among the SNARE proteins in Marchantia (Kanazawa et al. 2016) .
It is known that the RAB11/RABA group dramatically diversified during land plant evolution. Twenty-six genes of the RAB11/RABA members are encoded in the Arabidopsis genome, which are classified into six subgroups (RABA1-RABA6). Although distinct functions in post-Golgi trafficking have been reported among the RABA subgroups in Arabidopsis (Chow et al. 2008 , Choi et al. 2013 , Kirchhelle et al. 2016 , the processes and mechanisms of neofunctionalization of expanded RAB11 members remain unclear. Three Marchantia RAB11 members, MpRAB11a, MpRAB11b and MpRAB11c, were grouped into the RABA1, RABA4 and RABA5 groups, respectively ( Fig. 1A; Supplementary Fig. S1 ; Bowman et al. 2017) . It was proposed that RABA2 is an ancient subgroup of RAB11/RABA (Rutherford and Moore 2002, Kirchhelle et al. 2016) ; thus, the RABA2 group may have been secondarily lost in Marchantia. Although three members of MpRAB11 have the same localization on the TGN and forming cell plates, Golgi localization was observed only for MpRAB11c. The distinct subcellular localization underpins functional differentiation among MpRAB11 members, which should be verified in future studies.
Toolbox for analyses of diversification and evolution of membrane traffic RAB and RAB-like proteins with distinctive characteristics found in Marchantia would also be suitable tools to elucidate the mechanisms of functional diversification and neofunctionalization of RAB GTPases. MpRAB2b has an amino acid sequence similar to that of IFT43 (Fig. 1B) , and such proteins have not been found in other eukaryotic lineages thus far. IFT43 is a subunit of the IFT-A complex involved in retrograde transport along the axoneme of cilia and flagella (Taschner et al. 2012) . Other proteins similar to IFT43 have not been found in Marchantia; therefore, MpRAB2b may play a role in intraflagellar transport. Consistent with this notion, expression of MpRAB2b was specifically detected in the male reproductive organ, which produces sperm equipped with flagella (Fig. 2) . Further localization analysis of MpRAB2b in the male reproductive organ would be needed for precise localization of this protein. This type of RAB GTPase might be specific to liverworts, given the absence of such proteins in other organisms. Functional analyses of MpRAB2b would lead us to an understanding of how newly acquired machinery components of membrane trafficking have been recruited to distinctive biological functions during plant evolution.
Another remarkable feature of the composition of RAB GTPases in Marchantia is the existence of the RAB21 and RAB23 groups, which are not present in Arabidopsis (Fig. 1A) . These RAB GTPases are conserved in a wide range of eukaryotic lineages, including metazoa, suggesting an ancient origin for these RAB groups. Because of the secondary loss in Arabidopsis, the functions of these RAB groups in plants remain totally unexplored. It has been proposed that the last eukaryotic common ancestor possessed a larger number of RAB GTPases than extant organisms (Klopper et al. 2012) , and lineage-specific secondary loss of RAB GTPases, as well as lineagespecific acquisition of novel RAB groups, could have played important roles in diversification and specialization of membrane trafficking systems during plant evolution. MpRAB21 and MpRAB23 would be suitable models to identify the significance of the secondary loss of RAB GTPases during land plant evolution.
Rab23 has been shown to act as a negative regulator of Sonic hedgehog (Shh) signaling in mammals (Eggenschwiler et al. 2001) . Mammalian Rab23 has also been reported to be involved in ciliary transport of Smoothened, which is a component of the Shh signaling pathway (Boehlke et al. 2010) . These lines of evidence suggest that Rab23 is required for normal ciliary and/or flagellar functions. Consistently, RAB23 is highly conserved in organisms possessing motile cilia and/or flagella (Lumb and Field 2011) , whereas its precise molecular function remains ambiguous. Given that RAB23 is conserved in plant species utilizing flagella during some stages in their life cycles and specific expression in antheridiophores in Marchantia, RAB23 might also be involved in a flagellar function in Marchantia. Citrine-MpRAB23 was localized in the nucleus when expressed in thallus cells, which was probably because of the existence of a putative NLS in the C-terminal region of MpRAB23. However, thallus cells do not have flagella; thus, Citrine-MpRAB23 could be mistargeted when ectopically expressed. Further studies are needed to elucidate the function of RAB23 in Marchantia.
Regarding the other victim of secondary loss, RAB21, the situation may not be so simple. In mammalian cells, RAB21 localizes to early endosomes and plays a critical role in endocytosis of integrin, as well as in exocytic events (Simpson et al. 2004, Pellinen et al. 2006 , Burgo et al. 2009 , Yuan et al. 2017 . Some interactors with RAB21 have already been identified in mammals (Zhang et al. 2006 , Zhu et al. 2007 , Yuan et al. 2017 , whose homologous products, however, are not found in plants. Therefore, plant RAB21 may act in a molecular network distinct from those of other organisms. Marchantia should be a suitable system to analyze the function of RAB21 because of the many tools established for genetics and cell biology, and the results obtained from such studies would also be effective in answering the interesting and important questions of why and how angiosperms lost this RAB GTPase.
As mentioned above, Marchantia has simple but unique membrane trafficking pathways, which would be a suitable system for analysis of diversification and evolution of the membrane trafficking system. This system would also be useful to reveal the basic functions of machinery components such as RAB21 and RAB23, whose precise functions remain unknown even in non-plant systems. Although additional markers such as soluble cargo markers and conditioning experiments, including pharmacological and genetic perturbation of specific transport pathways, are still needed, Marchantia would provide an ideal platform for studies of membrane trafficking in plants in the near future.
Materials and Methods

Plant materials
Male and female accessions of Marchantia, Takaragaike-1 (Tak-1) and Takaragaike-2 (Tak-2), respectively, were used in this study . These plants were grown on 1/2Â Gamborg's B5 medium containing 1.4% agar at 22 C under continuous white light. F 1 spores generated by a cross between Tak-1 and Tak-2 were used for transformation. Induction of sexual organs by far-red irradiation was performed as described previously . The transgenic lines expressing ST-mRFP and mRFP-MpSYP6A were previously described (Kanazawa et al. 2016 ).
Phylogenetic analysis and domain search
Amino acid sequences of RAB GTPases were collected from the Marchantia genome portal site (http://marchantia.info/genome/index.php/Main_Page), the GenBank database at NCBI, and RAP-DB (http://rapdb.dna.affrc.go.jp/). Collected amino acid sequences were aligned with the MUSCLE program version 3.8.31 (Edgar 2004) . After removing alignment gaps using Gblocks (http:// molevol.cmima.csic.es/castresana/Gblocks_server.html), phylogenetic analysis was performed using PhyML 3.0 (http://www.atgc-montpellier.fr/phyml/) (Guindon et al. 2010 ) under the LG + G model which was selected by Smart Model Selection in PhyML (Lefort et al. 2017) . Bootstrap analysis was performed by resampling 1,000 sets. Prediction of the NLS and lipid modification sites was performed at NLS Mapper (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_ Mapper_form.cgi) (Kosugi et al. 2009 ) and GPS-lipid (http://lipid.biocuckoo. org/webserver.php) (Xie et al. 2016) , respectively.
RT-PCR
cDNA was previously prepared by Kanazawa et al. (2016) . The primers used in this study and the number of PCR cycles for the RT-PCR analysis are listed in Supplementary Table S2 . RT-PCRs were performed using KOD FX neo (Toyobo) according to the manufacturer's protocol.
Constructs and transformation
Open reading frames (ORFs) of all RAB GTPases were amplified using PCR from cDNA prepared from Tak-1 or Tak-2 thalli or antheridiophores. Amplified fragments were subcloned into the pENTR TM /D-TOPO vector (Invitrogen) and then introduced into pKI-GWB2, pKI-GWB3, pMpGWB305 or pMpGWB306 (Ishizaki et al. 2015 ) using a Gateway LR Clonase TM II Enzyme Mix (Invitrogen) according to the manufacturer's instructions.
To construct mRFP-MpRAB5, the cDNA for mRFP was subcloned into the pENTR TM /D-TOPO vector and the 3.1 kb fragment of the 5 0 -flanking sequence of MpRAB5 amplified by PCR was inserted into the NotI site of the vector using the In-fusion Cloning System (Clontech) according to the manufacturer's instructions. Then, the 5.2 kb genomic sequence containing the protein-coding region, introns and the 3 0 -flanking region of MpRAB5 was amplified by PCR, and was inserted into the AscI site of the vector using the In-fusion system. The resultant fragment of mRFP-RAB5 was introduced into pMpGWB101 using the Gateway LR clonase system.
To construct mCitrine-MpRAB11a1, mCitrine-MpRAB11b and mCitrineMpRAB11c, the genomic sequences comprising the 5 0 -flanking region (3.1 kb for MpRAB11a1, 4.5 kb for MpRAB11b and 4.5 kb for MpRAB11c), proteincoding region (2.6 kb for MpRAB11a1, 1.5 kb for MpRAB11b and 1.5 kb for MpRAB11c) and 3 0 -flanking region (1.3 kb for MpRAB11a1, 1.5 kb for MpRAB11b and 1.2 kb for MpRAB11c) were amplified by PCR and subcloned into the pENTR TM /D-TOPO vector. cDNA for mCitrine was then inserted in front of the start codon using the In-fusion system. The resultant mCitrine-RAB11 fragments were introduced into pMpGWB301 using the Gateway LR clonase system.
Transformation of Marchantia was performed according to a previously described method , Kubota et al. 2013 . Transgenic lines were selected with 10 mg l -1 hygromycin B and 100 mg l -1 cefotaxime for pMpGWB101, pKI-GWB2 and pKI-GWB3, and 0.5 mM chlorsulfuron and 100 mg l -1 cefotaxime for pMpGWB301, pMpGWB305 and pMpGWB306 (Ishizaki et al. 2015) .
Antibody preparation
The full-length ORF of MpARA6 was amplified by PCR to generate BamHI sites at both ends and subcloned into pGEX-4 T-1 (GE Healthcare). This recombinant plasmid, which synthesizes the glutathione S-transferase (GST)-fused MpARA6 protein, was introduced into Escherichia coli. The GST-MpARA6 protein was induced by isopropyl-b-D-thiogalactopyranoside and purified from the lysate by affinity chromatography using a glutathione-Sepharose 4B column (GE Healthcare). Purified GST-MpARA6 was used as an antigen to raise the anti-MpARA6 polyclonal antibody in rabbits. The obtained antibody was purified using protein G affinity column chromatography (GE Healthcare) followed by affinity purification using the MpARA6 protein. To generate the antiMpRAB5 antibody, the synthesized peptide, QPAAQPAGISFSERSA, was used as an antigen to raise the polyclonal antibody in rabbits. The obtained antibody was also purified using protein G affinity column chromatography (GE Healthcare) followed by affinity purification using the MpRAB5 protein. The specificities of the obtained antibodies were examined by Western blotting using lysates prepared from E. coli expressing maltose-binding protein (MBP)-fused MpARA6 or MBP-MpRAB5, and the reactivities of these antibodies against endogenous MpARA6 and MpRAB5 were confirmed by Western blotting using cell lysates prepared from Tak-1 and Tak-2. The anti-MBP antibody was purchased from New England biolabs (#E8030). Antibodies were used at a dilution of 1:200 (anti-MpRAB5 and anti-MpARA6) or 1:1,000 (anti-MBP).
Microscopy
For confocal laser scanning microscopy, mature dorsal thallus tissues of gemmalings of transgenic Marchantia grown on the 1/2Â Gamborg's B5 medium containing 1% sucrose and 1.4% agar at 22 C under continuous white light, which expressed fluorescently tagged MpRAB proteins, were observed under a confocal microscope (LSM780, Carl Zeiss) with an oil immersion lens (Â63, NA = 1.40). To visualize endocytic compartments, thalli were soaked in 1 mM N-(3-triethylammoniumpropyl)-4-[4-(dibutylamino) styryl] pyridinium dibromide (FM1-43; Thermo Scientific) diluted in distilled water and incubated for 1-3 h at room temperature. Spectral unmixing and processing of obtained images were performed using the ZEN2012 software (Carl Zeiss). Samples were excited at 488 nm (Argon 488) and/or 561 nm (DPSS 561-10), and emitted fluorescence between 482 nm and 650 nm or 659 nm was recorded. To observe forming cell plates, meristematic tissues of gemmalings were observed under a BX51 microscope (Olympus) equipped with a confocal scanner unit CSU10 (Yokogawa Electric) or LSM780 with a dry lens (Â20). The obtained images were processed with ImageJ (National Institute of Health) and Photoshop software (Adobe Systems). For quantification of co-localization, the distance from the center of each mRFP signal to the nearest Citrine or Venus signal was measured, and resulting distances were classified into three categories: co-localized (<0.24 mm, blue), associated (>0.24 mm to <1 mm, orange) and independent (>1 mm, gray) according to the criteria described previously (Ito et al. 2012) . Images were obtained with LSM780 with an oil immersion lens (Â63, NA = 1.40).
Immunoelectron microscopy was conducted as reported previously (Kanazawa et al. 2016 ) using the anti-MpRAB5 polyclonal antibody or antiMpARA6 polyclonal antibody and the anti-rabbit IgG monoclonal antibody as the primary and secondary antibodies, respectively.
Supplementary Data
Supplementary data are available at PCP online. 
